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The big danger resulting from
combined negative feedbacks in the
reef ecosystem and dependent
societies is their inability to recover
ecologically and economically. The
latter can create a very stable
social-economic condition called
a ‘poverty trap’. This occurs when
people become so poor that short-term
need to survive outweighs any
long-term advantages to conservation
or sustainable management.
Sadly, the paths into these
social-ecological traps are much
clearer than are the paths of escape.
Ideally, developing countries should be
managed to avoid such traps but this is
difficult. Simple solutions, such as
infusion of funds, rarely work because
they fail to stop or reduce the
impetus for, or efficiency of, fishing.
Often such infusion of money feeds
local corruption. Corruption is
high in countries having limited
socio-economic development (for
example, see values in The Human
Development Index [13] and the
independently derived Corruption
Perception Index [14]). Alternative
economic drivers are difficult to
establish. Coral reefs can be developed
for ecotourism but this requires
infrastructure such as airports, roads
and hotels, which often have
deleterious footprints. Furthermore,
the limited pool of ‘ecotourists’ limits
the spatial extent of economic benefits
from this approach [15].
Cinner et al. [1] suggest that local
customs be understood, so that
complementary sustainable practices
can be developed. Simple, locally
acceptable management actions have
had excellent success in some
developing countries. For example, the
people of Palau prefer to eat
ecologically important parrotfish;
however, because their reef is large
relative to their local population, they
only had to ban the export of reef fish in
order to harvest parrotfish sustainably
for their customary meals [16]. R.E.
Johannes’ very effective work with
local cultures suggests a way to use
scientific information together with
local practices to avoid the developing
valley of depletion of fish on coral reefs.
Finally, Cinner et al. [1] establish
a new analytical standard for the social
sciences. They show quantitatively
how to integrate ecological and social
science data. Their research shows
statistically why fishing capabilities of
coastal resource users change as
a function of their socio-economic
development. They demonstrate why
it is the social-economic index rather
than some other regional factors
causing the pattern in reef-fish biomass
by presenting the results from unfished
marine reserves from each of the
regions as controls against spurious
correlations among countries.
Importantly, they identify which of the
changes are statistically significant.
Their approach can be replicated and
scientifically evaluated by others.
Significantly, it provides clear
scientifically based advice to
managers and policy makers about
a very complex but important
social-ecological problem.
References
1. Cinner, J.E., McClanahan, T.R., Daw, T.M.,
Graham, N.A.J., Maina, J., Wilson, S.K., and
Hughes, T.P. (2009). Linking social and
ecological systems to sustain coral reef
fisheries. Curr. Biol. 19, 206–212.
2. Diamond, J. (2005). Collapse: How Societies
Choose to Fail or Succeed (New York:
Viking Press).
3. Pandolfi, J.M., Bradbury, R.H., Sala, E.,
Hughes, T.P., Bjorndal, K.A., Cooke, R.G.,
McArdle, D., McClenachan, L., Newman, J.H.,
Paredes, G., et al. (2003). Global trajectories of
the long-term decline of coral reef ecosystems.
Science 301, 955–958.
4. Bellwood, D., Hughes, T.P., Folke, C., and
Nystro¨m, M. (2004). Confronting the coral reef
crisis: supporting biodiversity, functional
groups and resilience. Nature 429, 827–833.
5. Mora, C. (2008). A clear human footprint in the
coral reefs of the Caribbean. Proc. R. Soc.
Lond. B. 275, 767–773.
6. Mumby, P.J., and Steneck, R.S. (2008). Coral
reef management and conservation in light of
rapidly evolving ecological paradigms. Trends
Ecol. Evol. 23, 555–563.
7. Pauly, D. (1990). On Mathusian overfishing.
Naga, the ICLARM Quarterly 13, 3–4.
8. Hughes, T.P., Hughes, T.P., Rodrigues, M.J.,
Bellwood, D.R., Ceccarelli, D.M., Hoegh-
Guldberg, O., McCook, L.J.,
Moltschaniwskyj, N.A., Pratchett, M.S.,
Steneck, R.S., et al. (2007). Phase shifts,
herbivory, and the resilience of coral reefs to
climate change. Curr. Biol. 17, 360–365.
9. Mumby, P.J., Harborne, A.R., Williams, J.,
Kappel, C.V., Brumbaugh, D.R., Micheli, F.,
Holmes, K.E., Dahlgren, C.P., Paris, C.B., and
Blackwell, P.G. (2007). Trophic cascade
facilitates coral recruitment in a marine reserve.
Proc. Natl. Acad. Sci. USA 104, 8362–8367.
10. Mumby, P.J. (2006). The impact of exploiting
grazers (Scaridae) on the dynamics of
caribbean coral reefs. Ecol. Appl. 16, 747–769.
11. Birkeland, C. (1997). Symbiosis, fisheries and
economic development on coral reefs. Trends
Ecol. Evol. 12, 364–367.
12. Lee, S.C. (2006). Habitat complexity and
consumer-mediated positive feedback on
a Caribbean coral reef. Oikos 112, 442–447.
13. United Nations Development Programme.
(2007). Measuring Human Development: A
primer http://hdr.undp.org/en/statistics/.
14. Corruption Perception Index. (2008) http://
www.transparency.org/policy_research/
surveys_indices/cpi.
15. McClanahan, T.R. (1999). Is there a future for
coral reef parks in poor tropical countries?
Coral Reefs 18, 321–325.
16. Johannes, R.E. (2002). The renaissance of
community-based marine resource
management in Oceania. Annu. Rev. Ecol. Syst.
33, 317–340.
University of Maine, School of Marine
Sciences, Darling Marine Center, Walpole,
ME 04573, USA.
E-mail: steneck@maine.edu
DOI: 10.1016/j.cub.2008.12.009
Dispatch
R119Evolution: Replacing Genes and
Traits through Hybridization
The role of hybridization in evolution has been debated for over a century.
Recent molecular genetic studies indicate that hybridization is surprisingly
frequent in natural populations, and that it may allow populations to regain
traits that have been lost and possibly to replace damaged alleles with
functional copies from related species.
Loren H. Rieseberg
Botanists have long speculated that
plant species may swap valuable genes
or traits through hybridization and
backcrossing (i.e., introgression). The
hybridization enthusiast Edgar
Anderson [1] went so far as to arguethat, in hybridizing species, the ‘‘raw
material for evolution brought in by
introgression must greatly exceed
the new genes produced directly by
mutation.’’ Similarly, Harlan and
DeWet [2] attributed the aggressive
nature of some of the world’s worst
weeds to the ‘‘plundering of related
species of their heredities.’’ However,
the early evidence used to support
these claims often had other possible
interpretations, and botanists were
accused of ‘seeing hybrids under
every bush’. Only with the application
of molecular biology tools to the
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Figure 1. Evolutionary history of native and introduced Senecio species in the British Isles.
Hybridization between two diploid Senecio species gave rise to Senecio squalidus, which
subsequently hybridized with a tetraploid species (S. vulgaris), to generate tetraploid and
hexaploid hybrid species, as well as an introgressed form of one of the parental species.
Hybrid speciation may occur without a change in chromosome number (diploid hybrid speci-
ation), involve parental species that differ in ploidal level (recombinant polyploid speciation), or
be accompanied by genome doubling (allopolyploidy). Introgression refers to the exchange of
genes or traits between hybridizing species.study of natural populations has it
been possible to reliably document
hybridization. The findings have been
startling: hybrids can be found under
surprisingly many bushes and the
bushes themselves are sometimes
hybrids [3].
The finding that hybridization
occurs frequently in plants does
not necessarily mean that it has
been evolutionarily important. In
fact, some botanists view hybridization
as a transient phenomenon,
a kind of ‘evolutionary noise’, with
little significance to adaptation and
speciation [4]. While studies that
employ molecular markers or DNA
sequence data have been effective in
identifying historical and ongoing
hybridization, they generally fail to
show that the hybridization was
adaptive or that it was the cause of
diversification. Inferences from
experimental studies of hybrid
fitness are limited because they
predict what might have happened
as opposed to demonstrating what
actually happened. Another difficulty
is that introgressed traits and genes
that are strongly favored by selectionwill sweep rapidly to fixation, and it
can be challenging to ‘catch them in
the act’ [5]. However, a recent study
of native and introduced species of
Senecio (groundsels and ragworts)
in the British Isles not only managed
to catch the introgression of an
ecologically important trait — ray
floret petals — in the act, but it also
identified and functionally
characterized the introgressed
cluster of regulatory genes
responsible for the formation of
ray florets [6].
The Senecio species targeted by
this study have a remarkable history,
which illustrates the many ways
hybridization can contribute to
evolution [7]. Oxford ragwort, Senecio
squalidus, is a stabilized diploid
hybrid species derived from a hybrid
zone on Mount Etna, Sicily [8] (Figure 1)
and was cultivated in the University of
Oxford Botanic Garden before its
escape into the wild in the late 18th
century. As it spread across the British
Isles, S. squalidus came into contact
with the common groundsel,
S. vulgaris, a native tetraploid.
Hybridization between S. squalidusand S. vulgaris has yielded two
new hybrid species (Figure 1) over
the past century: a recombinant
tetraploid species, S. eboracensis,
which is restricted to a handful of
sites near York, and a hexaploid
species, S. cambrensis, which
has originated at least twice, once
in the north of Wales and once
near Edinburgh, Scotland
[7]. These hybrid speciation events
have occurred independently of
the introgression of ray florets
from S. squalidus into S. vulgaris,
the focus of the present
dispatch.
The introgression of ray florets is
best understood in an ecological
context. Ray ‘florets’ of members of
the sunflower family (the Compositae)
are actually modified flowers that
attract animal pollinators to less
showy disk flowers in the center of
the Compositae inflorescence. Ray
florets are present in outcrossing,
animal-pollinated species of the
family, such as Senecio squalidus,
but generally absent in self-pollinating
species, such as Senecio vulgaris,
because pollinators are not needed
for fertilization in selfers. Senecio
vulgaris is a weedy colonizing
species, and it is thought that
selfing has been favored because
of reproductive assurance when
potential mates (or pollinators) are
rare. Also, selfers gain a fitness
advantage relative to outcrossers
by fathering their own seed. Given
the apparent advantages of selfing,
why would the ray florets introgress
into S. vulgaris? Neutral introgression
seems unlikely because ray florets
have rapidly increased in frequency
in natural populations of S. vulgaris
since first discovered in Oxford in
1832 [9]. The introgression of ray
florets does not appear to be driven
by selection for outcrossing, as
there is little evidence of inbreeding
depression in S. vulgaris, which
would be required for an outcrossing
mutant to invade. However, plants
with ray florets (i.e., radiate plants)
germinate later than non-radiate
plants [9]. This reduces winter
mortality of seedlings and presumably
provides the fitness advantage
necessary for the radiate form
to invade non-radiate populations.
It remains to be determined
whether the difference in the timing
of seed germination is a genetic
side effect of the ray-determining
Dispatch
R121locus or whether it is caused by a tightly
linked gene.
Developmental genetic studies [6]
add to this story by providing
molecular proof that introgression
was responsible for the origin of the
radiate form of S. vulgaris, as opposed
to de novo mutation. Based on
observations of snapdragon mutant
phenotypes, it was suspected that
ray floret development would be
controlled by genes similar to
CYCLOIDEA (CYC), which governs
floral asymmetry in snapdragon [6].
Using a combination of in situ
hybridization, transgenic
overexpression, genetic mapping,
and populational analyses of
sequence variation, Kim et al. [6]
showed that two tightly linked
CYC-like genes, RAY1 and RAY2,
were responsible for ray floret
development and that the RAY
haplotype found in the radiate form
of S. vulgaris was derived from
S. squalidus. Unfortunately, no
information was provided about the
levels and distribution of molecular
polymorphisms in the RAY haplotype.
Such information would make it
feasible to determine if the ray trait
was transferred to S. vulgaris on
multiple occasions, as suggested
previously [10].
Phylogenetic studies indicate that
selfing lineages in Senecio and other
plant groups are almost exclusively
derived from outcrossing ancestors.
S. vulgaris appears to have lost
its ray florets as part of a switch to
a selfing mating system and then
regained them through introgression.
This represents an interesting
exception to Dollo’s law, which
states that complex traits, once
lost, are unlikely to be re-acquired.
The return of radiate flowers could
facilitate a transition back to
outcrossing. As noted by Kim et al.
[6], the recovery of outcrossing
may rescue S. vulgaris from the
fate of the vast majority of selfing
lineages — extinction.
Critics of an important role for
introgression in evolution note that,
in large populations, genetic variation
does not appear to limit evolution,
so why would introgression be
needed? The Senecio story
provides a clue: changes that
require multiple substitutions
within an allele (or changes at
multiple genes) are easier to come
by through introgression thanFigure 2. Spare plant parts.
Hybridization and introgression may play an important role in evolution by replacing genes and
traits that have been damaged or lost. In Senecio, introgression of ray florets has been accom-
panied by delayed germination of seeds, which appears to reduce winter mortality. (Illustration
by Kate Ostevik.)de novo mutation. Introgression
may be particularly effective for
regaining lost traits, which have
already functioned in a common
ancestor. Also, in many species,
genes have either acquired
deleterious mutations or become
lost entirely. This might result from
adaptation to a specialized
environment [11] or reflect the
inefficiency of selection in organisms
with small effective population sizes,
such as selfers, narrow endemics, or
colonizing species. For example, in
Arabidopsis thaliana, more than 5%
of genes annotated in the original
Arabidopsis sequence have been
pseudogenized in other populations
[12]. Thus, an important role of
introgression may be to replace
damaged alleles in the recipient
species [13]. This might also explain
why, in interspecific backcrosses,
5–10% of markers or chromosomal
segments from the donor parent
appear to be favored in therecipient genetic background [14].
All in all, it might be that
introgression often serves as
a repair or replacement strategy
(Figure 2), rather than solely as a
mechanism for the development
and/or acquisition of novel
traits.
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a Broken Heart
In a case of the familiar being strange, n
Drosophila cardiac system depends on
the heart lacks discernable septate jun
Kevin S. Nelson and Greg J. Beitel*
In cell signaling and cell adhesion, it
is common to find groups of genes
functioning as regulatory or structural
‘cassettes’ in different tissues. For
example, the claudin-containing
septate junctions that prevent
paracellular diffusion across
invertebrate epithelia are also used
by glia cells to create the blood–brain
barrier [1]. But cells are also very
creative about adapting material at
hand to new purposes. In a recent
paper in Developmental Cell, Yi et al.
[2] show that Drosophila cardiac
integrity requires septate-junction
proteins that are central components
of epithelial and glial septate
junctions, and that the subcellular
localization of these proteins
depends on G-protein signaling.
At first glance, these observations
are not remarkable as septate
junctions are fairly well-characterized
and have previously been shown to
be regulated by G-protein signaling
[1] (Figure 1). But the results of Yi
et al. [2] are striking in light of the
fact that Drosophila cardiac tissue
lacks ultrastructurally discernable
septate junctions and that cardiac
septate-junction proteins are
regulated through only Ga signaling,
rather than the Gbg and Ga signaling
previously seen in glial tissues
(Figure 1). These findings offer insight
into heart development and may
provide a greater understanding of theradiate groundsel (Asteraceae). Am. J. Bot. 87,
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tissue-specific functions of junctional
complexes.
Heart development inDrosophila and
vertebrates is remarkably conserved at
both the morphological and molecular
level [3]. To better define the
mechanisms of cardiac tube formation,
Yi et al. [2] utilized a forward genetic
screen to identify genes required for
Drosophila heart morphogenesis [4].
The Drosophila heart is a simple
contractile tube composed of two
parallel rows of myoendothelial
cardioblasts flanked on each side
by a row of pericardial cells, which
serve structural and excretory
functions for the cardioblasts. In
previously published work, Yi
and colleagues [4] found multiple
mutations that cause loss of
cardioblast-pericardial cell adhesion,
a phenotype which they termed
broken hearted (Figure 1B).
Characterization of these mutations
showed that genes in the mevalonate
pathway were required for
geranylgeranylation of the G-protein
subunit, Gg1 [4]. In the present
work, Yi et al. [2] define the nature
and targets of the Gg1-coupled
signaling and find several unexpected
results.
The first surprise was that the broken
hearted 6 mutation affected the gene
neurexin-IV (nrx). Nrx is a central
component of septate junctions,
junctional complexes found in
invertebrate epithelia and glial cells
that are characterized by ladder-like14. Rieseberg, L.H., Sinervo, B., Linder, C.R.,
Ungerer, M.C., and Arias, D.M. (1996).
Role of gene interactions in hybrid
speciation: Evidence from ancient
and experimental hybrids. Science 272,
714–745.
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DOI: 10.1016/j.cub.2008.12.016‘septa’ that span adjacent plasma
membranes (reviewed in [5]). Septate
junctions show similarity in terms of
composition and function to vertebrate
tight junctions in that both contain
claudin-family proteins and provide
paracellular diffusion barriers
(reviewed in [6]). As detailed
electron-microscopic characterization
has shown that Drosophila heart tissue
does not have septate junctions [7,8],
finding Nrx in a screen for heart defects
was disconcerting. But Nrx was not
a singular anomaly, as Yi et el. [2]
further showed that at least eight
septate-junction proteins are required
for cardiac integrity. These results
suggest that the septate-junction
proteins form a similar complex in
the heart and in epithelial or glial
cells. However, there must be
significant differences between these
complexes in different tissues as
septa and paracellular barriers are
formed in epithelia and glia, but not
the heart (Figure 1C–E). Also, while
septate-junction proteins localize to
the specific junctional regions in the
lateral surfaces of epithelial and glial
cells [1,5], Yi et al. [2] find that
septate-junction proteins are localized
throughout the entire cell membrane
in cardiac cells. Furthermore, although
some septate-junction proteins have
been demonstrated to be capable of
mediating cell–cell adhesion in vitro
[9,10], loss of septate junctions
causes only minor cell–cell adhesion
defects in a subset of epithelial
tissues and glia [10,11]. By contrast,
loss of the septate-junction proteins
Nrx, Nrv2, Coracle and Sinuous
dramatically compromises cardiac
integrity in all mutant embryos
(Figure 1B).
The second unexpected finding
arises from the nature of septate
junction regulation. While G-protein
